There is converging evidence that insulin plays a role in food-reward signaling in the brain and has effects on enhancing cognition. Little is known about how these effects are altered in individuals with insulin resistance. The present study was designed to identify the relationships between insulin resistance and functional brain connectivity following a meal. Eighteen healthy adults (7 male, 11 female, age: 41-57 years-old) completed a frequently-sampled intravenous glucose tolerance test to quantify insulin resistance. On separate days at least one week apart, a resting state functional magnetic resonance imaging scan was performed: once after a mixed-meal and once after a 12-h fast. Seed-based resting state connectivity of the caudate nucleus and eigenvector centrality were used to identify relationships between insulin resistance and functional brain connectivity. Individuals with greater insulin resistance displayed stronger connectivity within reward networks following a meal suggesting insulin was less able to suppress reward. Insulin resistance was negatively associated with eigenvector centrality in the dorsal anterior cingulate cortex following a meal. These data suggest that individuals with less sensitivity to insulin may fail to shift brain networks away from reward and toward cognitive control following a meal. This altered feedback loop could promote overeating and obesity.
There is converging evidence that insulin plays a role in food-reward signaling in the brain and has effects on enhancing cognition. Little is known about how these effects are altered in individuals with insulin resistance. The present study was designed to identify the relationships between insulin resistance and functional brain connectivity following a meal. Eighteen healthy adults (7 male, 11 female, age: 41-57 years-old) completed a frequently-sampled intravenous glucose tolerance test to quantify insulin resistance. On separate days at least one week apart, a resting state functional magnetic resonance imaging scan was performed: once after a mixed-meal and once after a 12-h fast. Seed-based resting state connectivity of the caudate nucleus and eigenvector centrality were used to identify relationships between insulin resistance and functional brain connectivity. Individuals with greater insulin resistance displayed stronger connectivity within reward networks following a meal suggesting insulin was less able to suppress reward. Insulin resistance was negatively associated with eigenvector centrality in the dorsal anterior cingulate cortex following a meal. These data suggest that individuals with less sensitivity to insulin may fail to shift brain networks away from reward and toward cognitive control following a meal. This altered feedback loop could promote overeating and obesity.
In the brain, insulin serves as a key neuroregulatory protein (Ghasemi et al., 2013; Gray et al., 2014) signaling energy storage levels and regulating food intake. In addition to inhibiting feeding via the hypothalamus (Porte et al., 2005) , insulin exerts direct effects on the mesolimbic reward system. In humans, increases in insulin are associated with decreases in activity in several regions, including the insula and striatum (Kroemer et al., 2013) . Insulin resistance is a condition in which cells become less responsive to insulin, often connected to genetic background or acquired factors such as obesity, sedentary lifestyle, and inflammation. Insulin resistance typically develops in the liver, skeletal muscle, and adipose tissue, organs responsible for regulating fuel partitioning and utilization. Insulin resistance in these organs contributes to the development of hyperglycemia, dyslipidemia, and cardiometabolic disease. In contrast to its peripheral metabolic effects, the central effects of insulin on human brain cells are less well understood, largely due to the numerous barriers to studying insulin action in vivo in the human brain. As a result, the existence of insulin resistance in the brain and its physiological impact have not been fully elucidated. Some studies have suggested that abnormalities in insulin action in the brain can occur, particularly within striatal regions. Relative to healthy controls, insulin resistant individuals have blunted metabolic responses in the prefrontal cortex and the ventral striatum in response to peripheral infusions of insulin (Anthony et al., 2006) . Studies have demonstrated an inverse relationship between insulin rise in response to a glucose challenge and brain responses to visual food stimuli in regions including the caudate nucleus, insular cortex, and orbitofrontal cortex (Heni et al., 2015 (Heni et al., , 2014 Kroemer et al., 2013) . Functional brain responses to visual food stimuli were also reduced in participants who were insulin sensitive, particularly in corticolimbic regions involved in reward whereas insulin-resistant participants maintained heightened reactivity in these regions, suggesting that the ability of insulin to signal reward was inhibited (Alsaadi and Van Vugt, 2015) . A separate line of research has identified a relationship between insulin and enhancement of cognitive function (Benedict et al., 2004; Ott et al., 2012) with insulin administration increasing activity in the prefrontal cortex (Del Parigi et al., 2002) potentially suggesting that insulin serves as a switch from reward based responding toward self-control (Kullmann et al., 2016) . Here we examine the relationship between insulin resistance and brain functional connectivity in reward and cognitive control networks following a meal.
Resting state functional connectivity allows the quantification of functional associations between brain regions. When the brain is at rest (i.e. not performing an experimental task), brain activity exhibits lowfrequency fluctuations (Park and Friston, 2013) . These fluctuations can be correlated across brain regions to identify intrinsic connectivity networks (Fox et al., 2005) . A variety of methods exist for examining resting state connectivity. These methods can be model-based, such as selecting a predefined brain region and examining correlations between that region and other regions. Recent development utilizing graph theory has proven to be particularly effective at identifying brain network dynamics (Bullmore and Bassett, 2011) . Eigenvector centrality (EVC) is a graph theory measure that quantifies how connected each voxel of the brain is with all other voxels and indicates the "seniority" of a region among all voxels included in the analysis (Lohmann et al., 2010) . Thus, a voxel with many connections to other voxels is assigned a high value, whereas those with a low number of connections receive a low score. These methods enable us to examine network dynamics, rather than changes in activity within isolated regions.
A limited number of studies have examined the relationship between prandial state and functional connectivity. A study of elderly adults mapped the effects of a mixed meal on nodes of regions involved in food intake and found that a mixed meal reduced connectivity between several regions of interest including the hippocampus, insula and anterior cingulate cortex (Paolini et al., 2014) . Due to the region-based approach, connectivity of the striatal reward networks was not included in the analysis. A separate study of obese individuals found the effects of a meal on neural activity and connectivity are altered such that during fasting, obese individuals display enhanced connectivity in regions involved in reward and food intake, with increased connectivity between the hypothalamus and dorsal striatum relative to healthy individuals (Lips et al., 2014) . In lean individuals, the consumption of a meal reduced hypothalamic connectivity, but the meal had no effect on connectivity in obese subjects. Although insulin resistance and obesity are correlated, not all individuals who are obese are insulin resistant, and not all insulin resistant individuals are obese (Jones et al., 2000; Zavaroni et al., 1994) . Thus, studies are needed that examine the relationship between insulin resistance and brain connectivity independent of obesity.
The present study was designed to examine the effects of a meal on resting state functional connectivity and to identify the moderating effects of insulin sensitivity on reward and cognitive control networks independent of body mass index. To identify the relationship between insulin sensitivity and network architecture, we utilized both modelbased and data-driven approaches. Given previous literature demonstrating altered activity in the head of the caudate in obesity (Stice et al., 2008a,b) we selected a seed region in the head of the caudate nucleus from a meta-analysis on the neural basis of gustatory food receipt (Huerta et al., 2014) . In addition to this model-based approach, we also utilized EVC to identify relationships between insulin sensitivity and brain network dynamics. We hypothesized that following a meal, insulin sensitive individuals with show reduced connectivity in reward networks, and a shift toward regions involved in cognitive control. This is the first study, to our knowledge, that has examined associations between insulin sensitivity, resting state network connectivity and the effects of a mixed meal independent of body mass index.
Materials and methods

Subjects
From August 2014 through January 2016 participants were recruited from the Pittsburgh metropolitan area to participate in a study of brain responses to taste. Participants (40-60 years of age) provided written informed consent. As insulin sensitivity tends to decline with increasing age, the age range of 40-60 was selected to increase the likelihood of collecting a range of insulin sensitivity. Exclusion criteria were: being left handed, using any medications that could affect insulin sensitivity, use of corticosteroid inhaler or use of a steroid medication for more than one month, current use of antidepressants or psychoactive medications, chronic medical or neurological condition, surgery on the brain, heart or blood vessels, history of head injury that resulted in loss of consciousness for more than 1 min, self-reported lifetime history of depression, anxiety or mental disorder, stroke, bypass surgery, convulsions, seizures, blood clots, diabetes, kidney or liver problems, pregnancy, presence of Hepatitis C antibodies, hematocrit less than 34, a history of being treated for mental health problems, claustrophobia, substance abuse (including alcohol), cancer, color blindness, or any other contraindication to MRI. All procedures were approved by the University of Pittsburgh Institutional Review Board and were in accordance with the principles set out in the Declaration of Helsinki.
Study visits
Participants underwent a screening visit for anthropometric measurements (height, weight, and calculation of body mass index utilizing a Tanita scale) and a blood draw following a 12-h overnight fast. Blood samples were analyzed for serum glucose, insulin, hematocrit and presence of hepatitis C antibodies. Participants who met study criteria were scheduled for an intravenous glucose tolerance test and two MRI visits. Each visit was preceded by a 12-h overnight fast. One MRI scan was conducted while the participant remained fasting and the alternate scan was conducted following the ingestion of a mixed meal (Ensure nutritional drink, Abbott Nutrition) 30-min prior to the beginning of the scan. Participants completed a visual analog scale at baseline and 30 min after the meal, as well as after the MRI scan. Self-report items included hunger, satisfaction, fullness, how much you think you can eat, and cravings for sweet, salty, savory, and fatty foods. All study visits were completed within four months, were at least one week apart, and meal condition was randomized and counter-balanced.
Measurement of insulin sensitivity
To measure systemic insulin sensitivity, participants underwent a frequently-sampled intravenous glucose tolerance test (IVGTT) protocol (Wasko et al., 2015) . The study was conducted in the morning after a 12-h fast. After fasting samples were collected, a 50% dextrose bolus (0.3 g/kg) was administered in less than 1 min through a peripheral IV line followed by a 10 ml normal saline flush. Twenty minutes later, insulin (Humulin-R 20 mU/kg) was injected through the same peripheral IV line followed by normal saline flushing. Blood samples were collected at minutes À10, À5, 0, 2, 3, 4, 5, 6, 8, 10, 12, 14, 16, 19, 22, 23, 24, 25, 27, 30, 40, 50, 60, 70, 80, 90, 100, 120, 140, 160 , and 180 through a dedicated peripheral line in the opposite arm. Glucose and insulin were measured at all time points and used to calculate insulin sensitivity (S I ) using the Minimal Model (Bergman et al., 1979) .
Magnetic resonance imaging
Scanning was performed using a 3T Siemens Trio TIM scanner using a 32-channel coil located at the Magnetic Resonance Center at the University of Pittsburgh. An axial whole brain high-resolution (1.0 mm isotropic) T1-weighted sequence (magnetization prepared rapid gradient echo, MPRAGE) was collected (TR ¼ 2300 ms, TE ¼ 3.43 ms, TI ¼ 900 ms, FA ¼ 9 ) with a field of view 256 Â 224 with 176 slices. An axial whole brain T2*-weighted resting state blood oxygen level dependent (BOLD) acquisition using gradient-echo planar imaging (EPI) was also collected (TR ¼ 1500 ms, TE fixation cross was presented on the screen. Participants were instructed to keep their eyes open and stay awake. Neuroimaging preprocessing was performed utilizing statistical parametric mapping (SPM12) software. Using the field map, a spatial distortion correction and a motion correction were applied. The structural image was then linearly coregistered to the mean functional image and then segmented into 6 tissue classes (gray, white, CSF, skull, softtissue, and air). A resulting deformation map was used to normalize the functional images to the Montreal Neurological Institute (MNI) space. The functional images were then smoothed with an 8-mm full-width at half-maximum kernel.
Seed connectivity analysis
The region of interest for the caudate nucleus was selected from a meta-analysis on the neural basis of gustatory food receipt (Huerta et al., 2014) . The time series for each voxel was regressed on time series for white matter, CSF and the six motion parameters (accounting for residual in-scanner motion), and then band-pass filtered using a Butterworth filter (0.01-0.1 Hz). The functional images were then smoothed with an 8-mm full-width at half-maximum kernel. Seed regions for the left and right head of the caudate (x, y, z ¼ À8/þ8, 22, 2; diameter ¼ 4 mm) were created in MarsBaR (http://marsbar.sourceforge.net/) and then limited to gray matter using standard MNI tissue probability maps in SPM12 with threshold probability greater than 0.6. The principal time-series of the region of interest was extracted using singular value composition and correlated against all other voxels for each session of each subject, covarying for white matter, cerebrospinal fluid, and motion parameters. This generated a single map of the correlation between the seed (left or right caudate) and the entire brain.
Eigenvector centrality analysis
To identify the relationship between S I, and network centrality, we utilized fast EVC mapping (Wink et al., 2012) . Centrality is a graph theory metric that measures the connectedness of a node in a network (Joyce et al., 2010; Lohmann et al., 2010; Zuo et al., 2012) . Eigenvector centrality uses principal components analysis to calculate the first principal component of the voxel-to-voxel correlation matrix. Each voxel is treated as a node in the network and voxels with greater connectedness, as measured by number of high correlation connections, are assigned a higher value. Areas with higher values are indicative of "hubs" of the brain that are central to the function of specific brain networks (van den Heuvel and Sporns, 2013) . The result is an EVC spatial map, which identifies regions with more connectedness. A similar metric is known as mean centrality, which is a voxel's average correlation with all other voxels. These EVC maps are, input into the group analyses described below. Based on our focus on the fronto-striatal networks, a mask was applied that included the frontal lobes, temporal lobes, and striatum.
Missing data
Nineteen participants signed consent and completed the study. Upon review of the functional neuroimaging data, one participant did not have BOLD signal from the dorsal striatum and thus was removed from the dataset. One participant failed to complete the fasting visit, and a second participant did not have resting state BOLD data for the fed visit due to scanner failure. Two participants did not have plasma insulin data from the fed visit day and therefore were not included in correlation analyses between insulin rise and striatum connectivity during the fed visit. One participant was missing a baseline insulin value from a fed visit. The baseline value from the alternate MRI visit was instead utilized for analysis. Two participants were missing blood data from the final time point on the fed day.
Statistical analysis
MRI data analyses were performed in SPM12 using the statistical nonparametric mapping (SnPM) toolbox (http://warwick.ac.uk/snpm). First-level correlation/EVC maps for fasting and fed were entered into separate group analyses. The effect of the meal was analyzed using paired t-tests. Regressions included S I as the predictor of interest and body mass index as a nuisance covariate. Data were analyzed using permutation testing with cluster-level inference (5000 permutations, cluster forming threshold p ¼ .005, FWE corrected p < .05). Metabolic data were analyzed using SPSS (v.23, IBM Corporation). Values are expressed as mean AE SD unless otherwise stated. Effects of the meal on metabolic factors were examined using repeated-measures analysis of variance, or within-subject t-tests as appropriate. All analyses were two-tailed and a p < .05 was considered statistically significant..
Results
Subject characteristics (Table 1) The 18 participants who were included in the data analysis included 7 males (39%) and 11 females (61%) with a mean age of 50.1 AE 4.9 years of age. Eleven participants were White (non-Hispanic) and 7 participants were African-American. Female participants selfreported menopausal status. Of the eleven female participants, six (54%) were post-menopausal, three (27%) were pre-menopausal, and one was perimenopausal. One participant did not report her menopausal status, but did report hot flashes as a cause for waking at night. Additional data are displayed in Table 1 . Fasting blood values are reported from the fed day baseline visit. As expected, S I and BMI were correlated (r (16) ¼ À0.42, p ¼ .09), thus BMI was included as a covariate in relevant analyses. The correlation is shown in Supplementary Fig. S1 . There was no significant correlation between S I and age (r (16) ¼ 0.13, p ¼ .61).
Effects of the meal on metabolic factors and ratings of hunger
In the fasting condition, there were no significant changes from baseline to post-scan in serum glucose, cholesterol (total, HDL, LDL, and VLDL), or triglycerides (Table 2 ). There was a significant decrease in plasma insulin levels from pre-to post-scan (t (15) ¼ 2.63, p ¼ .02). In the fed condition visit, the mixed meal increased plasma glucose (F (2, 28) ¼ 19.1, p < .001) and insulin (F (2, 26) ¼ 27.4, p < .001), decreased during the MRI scan, but remained significantly higher than baseline. The meal also increased VLDL-cholesterol levels such that levels at post-scan were higher than pre-scan but not significantly different from baseline. To compare the effects of the meal across visits, a paired t-test was performed for metabolites at the final time point. As expected, insulin levels were significantly higher on the fed day compared to the fasting day (14.5 vs 6.4 uU/ml, (t (13) ¼ 3.47, p ¼ .004). There was a trend toward higher total cholesterol on the fed day (t (13) ¼ -2.01, p ¼ .07), but all other metabolites were nonsignificant (p's > 0.22).
The meal significantly increased feelings of fullness (p ¼ .02) and satisfaction (p ¼ .01), and there was a marginally significant decrease in how much participants felt they could eat after the meal (p ¼ .06). The meal did not have significant effects on the other ratings. There were no significant correlations between brain connectivity and subjective ratings (data not shown). All ratings are reported in Supplementary Table S1 .
Effects of the meal on brain connectivity
A mixed-meal had significant effects on caudate nucleus connectivity. In the fasting state, the left caudate nucleus displayed stronger connectivity with the precuneus during the fasting condition relative to fed condition (Fig. 1a) . The head of the right caudate nucleus displayed significantly stronger functional connectivity during fasting (relative to fed) with several regions in the ventral default mode network including the precuneus, parahippocampus, anterior insula, and medial prefrontal cortex (Fig. 1b) . Cluster information is displayed in Table 3 . There were no regions that displayed stronger connectivity in the fed condition relative to fasting for either caudate seed. There were no differences between conditions for EVC.
Associations between insulin sensitivity and functional connectivity of the caudate nucleus
In the fasting state, there were no significant associations between S I and functional connectivity for either the left or right caudate seed. However, in the fed condition, S I was predictive of caudate connectivity (Fig. 2) such that higher S I was associated with lower connectivity between the left caudate and bilateral putamen (R: t max (14) ¼ 7.64, p < .05, x, y, z ¼ 18, 2, 0, k ¼ 399; and L: t max (14) ¼ 8.17, p < .05, x, y, z ¼ À18, 0, 4, k ¼ 406). The connectivity between the right caudate seed and left putamen trended toward significance (t max (14) ¼ 4.31, p < .05, x, y, z ¼ À24, À2, 4, k ¼ 300, whole brain p < .10). All analyses included BMI as a nuisance covariate. To examine the effects of age on the effects, we performed a hierarchical regression. Cluster data (extracted eigenvariate) was regressed on age (step 1) and insulin sensitivity (step 2). Age was not a significant predictor of activity in either cluster (p > .28), and covarying for age did not eliminate the association between insulin sensitivity and either cluster (p's < 0.001).
Correlations between the insulin rise after a meal and caudate-putamen connectivity
To explore the relationship between the insulin rise following a meal and striatum connectivity, the insulin change from baseline to 30 min post-meal ingestion was calculated. Connectivity values for left and right putamen were regressed on the change score while adjusting for S I and BMI. The change in insulin following meal ingestion predicted left caudate connectivity with the right putamen (F change (1,11) ¼ 7.24, p ¼ .02, R 2 change ¼ 0.14) such that a larger rise in insulin following the meal predicted lower connectivity between the left caudate and right Table 2 Effects of fasting and meal on metabolic factors. During fasting, two measurements were made: baseline, and after completion of the MRI scan. On the meal day, three measurements were made: baseline, 30 min after consumption of the mixed meal, and after exiting the scanner. Pre-post measurements were compared using paired t-tests for the fasting day, and repeatedmeasures analysis of variance on the fed day. Means sharing the same superscript are not significantly different from each other (Fischer's Least Significant Difference). Fig. 2 . Association between insulin sensitivity and caudate seed connectivity. Activated voxels range from blue (t ¼ À3.01) to green (left peak t ¼ À8.17, right peak t ¼ À7.64). Scatterplots display the association between insulin sensitivity (x-axis) and connectivity between the seed region and bilateral putamen clusters after adjusting for BMI. Solid lines display the best fit line for the mean connectivity of the cluster, faint lines display best fit lines for each voxel within the cluster. Fasting data are presented in blue, data from the fed state are presented in red. The left caudate seed was significantly associated with insulin sensitivity in the fed state (*). Fig. 3 . Association between insulin sensitivity and eigenvector centrality. Insulin sensitivity was associated with increased eigenvector centrality in the dorsal anterior cingulate cortex (t min ¼ 3.0, t max ¼ 5.8). Scatterplots display the association between insulin sensitivity (x-axis) and connectivity between the seed region and each cluster. Solid lines display the best fit line for the mean connectivity of the cluster, faint lines display best fit lines for each voxel within the cluster. Fasting data are presented in blue, data from the fed state are presented in red. Eigenvector centrality in the dorsal anterior cingulate cortex was significantly associated with insulin sensitivity in the fed state (*).
putamen (B ¼ À0.46, t (11) ¼ À2.69, p < .05). The relationships between glucose rise and caudate connectivity were nonsignificant after adjusting for BMI and S I (p's > 0.38).
Eigenvector centrality
In the fasting state, there were no significant associations between S I and EVC. However, in the fed condition, S I was predictive of EVC (Fig. 3) such that higher S I was associated with stronger centrality of the dorsal anterior cingulate cortex (t max (15) ¼ 5.77, p < .05, x, y, z ¼ 26, 2, 46, k ¼ 852). Both analyses included BMI as a nuisance covariate.
Associations between insulin sensitivity and functional connectivity of the dorsal anterior cingulate cortex
To further examine the effects of a meal on functional connectivity, we extracted the activity of the dACC cluster and used it as a seed region. In the fasting state, individuals with higher S I had stronger connectivity between the dACC and bilateral clusters including the middle temporal gyrus, posterior cingulate cortex and occipital cortex ( Fig. 4a ; R: t max (14) ¼ 7.02, p < .05, x, y, z ¼ -26, À64, 2, k ¼ 674; L: t max (14) ¼ 6.46, p < .05, x, y, z ¼ 36, À70, 10, k ¼ 1166). In the fed state, individuals with higher S I had lower connectivity between the dACC and a region in the left superior/medial frontal gyrus ( Fig. 4b ; t max (14) ¼ 5.60, p < .05, x, y, z ¼ À20, 52, 26, k ¼ 628), but stronger connectivity between the dACC and the right postcentral gyrus ( Fig. 4c ; t max (14) ¼ 8.24, p < .05, x, y, z ¼ 44, À34, 44, k ¼ 769).
Discussion
The aim of the current study was to examine whether there was an association between systemic insulin sensitivity and the functional connectivity of the brain following a meal covarying for BMI. We utilized both a model-based approach including a seed region in the caudate nucleus, as well as a data-driven approach using EVC. We found that the caudate nucleus was more strongly connected to several regions in the fasting state relative to the fed state. These regions included anterior insula, hippocampus, as well as anterior and posterior cingulate. In the fasting state, there were no associations between S I and the functional connectivity of the caudate nucleus or EVC. However, following a meal, an association emerged such that S I was inversely associated with the functional connectivity between the caudate and putamen after adjusting for BMI. Conversely, S I was positively associated with EVC in the dACCa region central to cognitive control. These data suggest that after a meal, individuals who are more sensitive to insulin show a reduction in reward network functional connectivity, but an increase in cognitive control networks. This finding could help explain the neural network changes that underlie overeating, or failure to stop eating that could lead to the further development of obesity.
A primary focus of the present study was examining the connectivity of the head of the caudate nucleus -a region involved in taste processing and reward (Huerta et al., 2014; Stice et al., 2013 ) that shows altered reactivity to taste stimuli in obese individuals (Nummenmaa et al., 2012; E. Stice et al., 2008a,b) . Utilizing a seed-based method, we found that in the fasting state the head of the caudate was more strongly connected to Fig. 4 . Associations between insulin sensitivity (S I ) and dorsal anterior cingulate (dACC) connectivity in the fasting and fed state. In the fasting state (a), higher S I was associated with stronger connectivity between the dACC and bilateral middle temporal gyrus/occipital cortex. In the fed state, higher S I was associated with weaker connectivity between the dACC and left superior/medial frontal gyrus (b), but stronger connectivity between the dACC and right postcentral gyrus (c). Solid lines display the best-fit line for the mean connectivity of the cluster, faint lines display best fit lines for each voxel within the cluster. Fasting data are presented in blue, data from the fed state are presented in red. Significant associations are marked with an asterisk (*).
regions involved in interoception and the ventral default mode network relative to in the fed condition. These data are in line with previous findings that a meal replacement reduces connectivity in regions in what has been termed the "brain network for appetite" (Paolini et al., 2014) . The insula is involved in interoception (Craig, 2009) as well as in gustatory processing (Veldhuizen et al., 2011) and autonomic control (Ryan et al., 2012) . Although the insula is not included in the traditional "loop" models of striatal organization (Alexander et al., 1990) , several studies of functional connectivity of the caudate have identified insula-caudate connectivity (Postuma and Dagher, 2006; Robinson et al., 2012) as well as alterations in caudate-insula connectivity in obese individuals during anticipatory reward processing (Nummenmaa et al., 2012) . Additionally, in a meta analysis of the neural bases of food perception, the insula emerged as a significant region associated with taste receipt, likely related to its role as primary gustatory cortex (Huerta et al., 2014) . In addition to its role in taste processing, the insula has been identified as a hub of the salience network, which is central to the integration of sensory and cognitive information (Menon and Uddin, 2010; Seeley et al., 2007) . Combined, these data suggest that in the fasting state (relative to after a meal), interoceptive and self-referential networks are more closely tied to reward regions -perhaps suggesting that individuals would be more tuned toward reward receipt relative to after a meal.
Following the mixed-meal, resting state functional connectivity of the striatum differed based upon an individual's level of insulin sensitivity. Specifically, individuals who were more sensitive to insulin had lower connectivity between the caudate nucleus and putamen relative to individuals who were less sensitive to insulin. These associations were not present in the fasting state, suggesting that the meal has the effect of reducing connectivity within the striatum, but this effect is stronger in individuals who are more sensitive to insulin. In a recent study of overweight Hispanic girls, insulin sensitivity was negatively associated with neural reactivity to high-calorie food pictures in the insula, putamen and ACC (Adam et al., 2015) . The present results extend these findings by suggesting that the relationship between insulin sensitivity and the brain extends beyond discrete regions and is associated with brain network architecture, even when at rest. The putamen is a central component of the striatum, subserving reward, cognition, and movement (Alexander et al., 1990) . Activity in the putamen has been linked to a shift from goal-directed to habit-learned behavior, specifically in the context of food satiation (Tricomi et al., 2009) . A study of the functional connectivity of the putamen has mapped somatomotor specific regions within the striatum (Choi et al., 2012) . Notably, the area of the putamen that we found to show altered connectivity with the caudate seed region overlaps with the region of the putamen functionally linked to the tongue. The processing of taste is transduced through the brainstem, thalamus and taste cortices (insula/operculum and orbitofrontal cortex) prior to reaching the striatum, which then guides habit and behavior (Rolls, 2012) . Thus, by understanding alterations in the striatum we can potentially understand a crucial link between the sensations involved in food intake and the behavior and habits that may promote food seeking. Although the present study only examined resting state functional connectivity, these findings may have relevance for other studies involving the anticipation and receipt of palatable tastes.
In the fed state, systemic insulin sensitivity (S I ) was predictive of EVC in the dACC. The dACC is a key network hub involved in the monitoring of actions, and shifting behavior when appropriate (Shenhav et al., 2016) . In our data, higher S I was associated with stronger EVC in the dACC consistent with a model of insulin sensitive individuals "switching" from reward to cognitive control networks after a meal. This association was not present in the fasting state suggesting that it is the effects of the post-prandial state that are altering network architecture. Recent work has demonstrated that intranasal insulin administration can improve executive functioning (Krug et al., 2010) , potentially via alterations in reward and executive functioning regions (Kullmann et al., 2013) . Future studies that selectively manipulate circulating insulin are needed to confirm the role of insulin in modulating cognitive control networks, as well as how these relationships are altered in insulin resistant individuals.
In order to extend our understanding of the significance of the dACC centrality and relationship to S I , we performed a functional connectivity analysis. The analysis found that, when fasting, individuals with higher S I had stronger connectivity between the dACC and clusters in the middle temporal gyrus extending into the occipital lobe. Previous studies have found differences in responses to food stimuli in occipito-temporal regions with greater reactivity when in the fasted state relative to after a meal (Frank et al., 2010) . The current data would support a model in which healthy individuals (i.e., those with higher S I ) have a strengthened connectivity between occipito-temporal regions and the salience network, but after a meal these connections are weakened. In the fed state, however, individuals with higher S I exhibited stronger connectivity between the dACC and postcentral gyrus, but weaker connectivity between the dACC and the superior/middle frontal gyrus. The postcentral gyrus is a hub of the sensorimotor network that is consistently activated in food-stimuli paradigms (Huerta et al., 2014) , and future research will be needed to more fully understand the behavioral implications of these changes in connectivity. However, these data do support a model in which healthier individuals show a shift from differences in connectivity in ventral brain regions towards more dorsal regions following a meal, possibly reflecting a shift from reward/affect toward more executive/self-control states.
A limitation of the current study is that the mixed meal has effects on numerous hormones (e.g. insulin, ghrelin, etc.), so we are unable to conclude that this effect is directly due to insulin signaling. However, future studies that involve more controlled manipulations of insulin levels (e.g. hyperinsulinemic euglycemic clamp) may be able to provide more mechanistic insight into what is driving the association. In the current study, we investigated the relationship between the insulin rise following the meal and caudate-putamen connectivity while statistically covarying for S I . Notably, a larger insulin rise was predictive of lower caudate-putamen connectivity whereas glucose rise was not. These data suggest that the changes in functional connectivity are more strongly related to changes in insulin levels, rather than changes in blood glucose.
In healthy individuals, intranasal insulin suppresses brain responses to food stimuli (Guthoff et al., 2010) and has been shown to alter resting state connectivity in reward regions (Kullmann et al., 2012) . The present study builds upon these findings to show that S I is an independent predictor of resting state caudate connectivity following a meal, independent of BMI. These associations were not present in the fasting state, suggesting that post-prandial signaling between the periphery and central nervous system is altered in insulin resistant individuals. Although S I is associated with a larger rise in insulin following a meal, when we statistically adjusted for S I, post-prandial insulin rise was a significant predictor of caudate connectivity lending support to the role of insulin.
The influence of insulin in reward signaling within the striatum has been well documented in animal models (Figlewicz and Benoit, 2009 ). In addition to signaling in the brainstem via the ventral tegmental area (Figlewicz et al., 1994) , recent work has demonstrated that insulin exerts direct effects on neurons in the nucleus accumbens and increases dopamine release, thereby serving as a reward signal (Stouffer et al., 2015) . Alterations in dopamine receptors and signaling have been documented in obese individuals (Wang et al., 2001) suggesting that alterations in food reward may occur in obese individuals -similar to neural alterations that occur in other chemical addictions (Volkow et al., 2011) . The current study extends these by demonstrating insulin resistance, independent of obesity, may alter the ability of insulin to serve as a feedback signal following a meal. Future studies using dopamine receptor ligands would provide significant insight into the role of dopamine as a mediator between insulin resistance, insulin signaling, and dopamine following meal intake. An additional limitation of the current data is the broad concept of "reward" -a concept that has many aspects including motivation, hedonic state, and reinforcement. The present study was not designed to measure which aspects of reward are altered in insulin resistance, but future studies are needed to explicitly identify which aspects of reward may be altered.
Although changes in plasma glucose and insulin levels were monitored, this study did not measure circulating hormones that affect appetite and have neurobiological targets. Future studies are needed to fully characterize the specific effects of insulin independent of other hormones, potentially through the use of euglycemic-hyperinsulinemic clamps. A second limitation is the range of adiposity in the study population. Although we statistically adjusted for BMI in all analyses, future studies limited to normal weight, overweight or obese individuals would be better suited to identify the interaction between insulin resistance and obesity on brain network connectivity. The present study also utilized a relatively small sample size. In order to account for this in the neuroimaging analyses, statistical non-parametric mapping was utilized, as it does not assume a normal distribution -a common problem in smaller sample sizes. Participants completed limited self-report on the experience of the meal thereby limiting the ability to infer relationships between brain connectivity and subjective experience of reward.
In conclusion, this is the first study to examine associations between S I and resting state brain connectivity both during fasting and after a meal while covarying for BMI. We found that resting state functional connectivity between the caudate nucleus and putamen was decreased following a meal. However, this effect was blunted in individuals with less insulin sensitivity. The change in connectivity was associated with the rise in insulin after a meal, but not in glucose suggesting insulin signaling is responsible for the change in connectivity. Individuals with higher S I had stronger EVC in the dACC following a meal, suggesting a strengthening of cognitive control networks. Future studies are needed to specifically manipulate circulating insulin (e.g. hyperinsulinemic clamp) and identify the behavioral effects (e.g. craving, self control) of these changes in connectivity. These studies could provide key insights into how changes in insulin sensitivity affect brain structures involved in food reward.
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